INTRODUCTION
The late Pleistocene Yellowstone ice cap was the largest independent glacier system in the western United States. In the past 25 years, many innovative geochronological methods have been used to develop a record of fluctuations of this ice cap (Pierce et al., 1976; Pierce, 1979; Sturchio et al., 1994) , and these have formed a cornerstone of understanding the timing of the last (Pinedale) glaciation for much of the Rocky Mountains (Porter et al., 1983) . None of the ages constraining the history of the Yellowstone ice cap, however, directly constrains the age of moraine-building events when the ice-cap margin was at or near its maximum size. Here, we use the cosmogenic nuclides 3 He and 10 Be to directly date a well-preserved moraine sequence deposited by the large outlet glacier that drained the northern Yellowstone ice cap (Fig.  1) . Our exposure ages, combined with existing chronological data from this region, establish a new record of late Pinedale millennial-scale fluctuations of this outlet glacier. The high coherency and reproducibility of the 3 He and 10 Be data demonstrate the utility of the surface exposure dating technique for developing high-resolution glacial chronologies.
SAMPLING
The sampled deposits have well-preserved morphology, large surface boulders of granitic lithologies and occasional basalt, and are covered only by grasslands. All boulders selected for sampling appeared pristine and undisturbed, as evidenced by glacial polish, striae, or neg-*Present address: Department of Marine Chemistry and Geochemistry, Woods Hole Oceanographic Institution, Woods Hole, Massachusetts 02543, USA; e-mail: jlicciardi@whoi.edu. ligible surface pitting that indicated limited erosion or spalling. Samples were collected from horizontal boulder surfaces on stable parts of the landforms. Only the largest boulders (Ͼ1 m above the surface) were sampled, in order to reduce potential problems of soil and snow cover.
We sampled ten granitic and eight basaltic boulders from the outermost set of end moraines (Eightmile terminal moraines) and associated outwash fan that mark the limit of the northern Yellowstone outlet glacier at the last Pinedale glacial maximum (Pierce, 1979) (Fig. 1 ), providing a rare opportunity to measure cosmogenic 10 Be and 3 He concentrations on the same landform. We also sampled eight granitic boulders from the recessional Chico moraines that are 7 km upvalley ( Fig. 1B ) and ten granitic boulders from the recessional Deckard Flats moraines that were deposited another 47 km upvalley (Pierce, 1979) (Fig. 1C) . Finally, we sampled seven granitic boulders from a lateglacial flood deposit in the Yellowstone River valley within the limit of the Deckard Flats event (Fig. 1C) ; this deposit probably formed during a large glacial outburst flood by release of an ice-dammed lake upvalley from Deckard Flats (Pierce, 1979) .
COSMOGENIC 3 He AND 10 Be MEASUREMENTS
For the 3 He measurements, olivine phenocrysts were separated from basalt samples by crushing, sieving, magnetic separation, and handpicking. The cosmogenic 3 He content of the olivine was measured by gas mass spectrometry at the Woods Hole Oceanographic Institution following previously described methodology (see Kurz, 1986; Kurz et al., 1990 Kurz et al., , 1996 and Licciardi et al., 1999 , for procedural details, reproducibility, and blanks). We measured 10 Be in quartz, using standard techniques of rock crushing and grinding, isolation of quartz by repeated acid leaching (Kohl and Nishiizumi, 1992) , and separation of beryllium by ion-exchange chemistry and selective precipitation techniques (see Licciardi, 2000, for full procedural details). All 10 Be concentrations were determined by accelerator mass spectrometry (AMS) at the PRIME Lab facility at Purdue University (Sharma et al., 2000) . Cosmogenic 3 He and 10 Be concentrations at each sample site were normalized to the rock surface by accounting for sample thickness and density and by using the estimated dependence of isotope production with depth (Kurz, 1986; Brown et al., 1992) . Shielding by surrounding topography is Ͻ10Њ at all sites; thus, no corrections for this phenomenon were necessary.
SCALING METHODS AND PRODUCTION RATES
We use the mean of the cosmogenic 3 He production rate calibrations derived from the well-dated Tabernacle Hill flow and Bonneville flood deposits (Cerling and Craig, 1994) for the helium age calculations because these calibration sites are very close in altitude and latitude to the Yellowstone sample locations and are nearly identical in age to the N exposure durations calculated here. These two calibration sites yield a weighted mean production rate of 118.6 Ϯ 6.6 atoms · g Ϫ1 · yr Ϫ1 (Ϯ2; in olivine, at high latitudes at sea level). Error due to scaling uncertainties is greatly minimized because of the close proximity between calibration sites and sample locations. For the 3 He age calculations, we use the altitudinal and latitudinal scaling factors of Lal (1991, Table  2 ) and thereby ignore production from muons.
We adopt a cosmogenic 10 Be production rate of 5.1 Ϯ 0.3 atoms · g Ϫ1 · yr Ϫ1 (Ϯ2; in quartz, at high latitudes at sea level) (Stone, 2000; Gosse and Phillips, 2001 ). For the 10 Be age calculations, we use Stone's (2000) scaling factors, which modify the factors of Lal (1991 ;  Table 2 ), to incorporate a muogenic component of 2.6% for 10 Be surface production at sea level. Lal (1991) estimated an uncertainty of 10% for his original scaling factors.
We make no correction for potential dipole-induced temporal variability of production rates at the Yellowstone field localities, and we use geographic latitude in scaling of production rates for the age calculations. This approach follows previous work suggesting that production rates at midlatitudes are relatively insensitive to changes in geomagnetic field strength (Cerling and Craig, 1994; Phillips et al., 1996; Licciardi et al., 1999) , and assumes that the position of the dipole axis had sufficient time to average to the rotational pole over the exposure duration of the Yellowstone deposits (cf. Licciardi et al., 1999) . In the case of the 3 He ages, uncertainties imparted by these effects are largely eliminated because the calibration surfaces are nearly identical in age to the calculated exposure durations and therefore integrate all relevant magnetic field effects on production.
UNCERTAINTIES
Although our sampling protocols were designed to minimize potential geological uncertainties derived from prior exposure, erosion, postdepositional movement, and burial, some of the observed age scatter in our data may be attributed to these phenomena. No erosion corrections were applied because many of the boulders selected for sampling exhibited glacial polish or striae. Concerns about fire-induced spalling of boulder surfaces are minimal because of the sparse vegetation on the moraines and as evidenced by preservation of striated surfaces. Uncertainty associated with thickness corrections is negligible, and the minimal shielding by surrounding topography largely eliminates the need for a correction. Annual snow cover is low at the field localities, as indicated by the available record of snow course data from nearby SNOTEL stations at similar elevations (average daily waterequivalent snow cover is Ͻ7 cm); therefore, no corrections were applied. The potential uncertainty associated with the lack of snow correction is probably 1%-2%.
Duplicate analyses were performed for four of the boulders sampled for 3 He measurements, and for eight of the boulders sampled for 10 Be measurements. With one exception (sample 8B-4, Table 1 1 ), the duplicate measurements overlap within 2 error. For those boulders with duplicate analyses, the weighted mean of the two measurements is taken as the best representation of that boulder age.
We interpret the mean boulder exposure age, weighted according to estimated measurement precision (Bevington and Robinson, 1992, equation 4.17) , as the best representation of landform age. The errors quoted for the weighted mean ages of each landform incorporate all propagated analytical uncertainties and are equivalent to the larger of either the internal analytical error or the weighted standard deviation of the weighted mean (Bevington and Robinson, 1992, equations 4.19 and 4.23) . These uncertainties are unrealistically low in comparison to the true uncertainties, which must incorporate the estimated 2 errors (ϳ6%) in the production rates of cosmogenic 3 He and 10 Be, as well as qualitative estimates of additional error imparted by scaling uncertainties. The scatter within the age groupings that causes overlap among the range of ages for each moraine is equally likely to have its source in either analytical uncertainties or geological phenomena, and this ambiguity makes it difficult to constrain the duration of occupation for each moraine. Moreover, these difficulties suggest that the age differences between the landforms are approaching the resolution time of the cosmogenic 10 Be dating technique. Nevertheless, the coherency of the 10 Be data from each landform allows us to identify statistically significant age differences for events that occurred on millennial time scales (2-3 k.y.).
RESULTS
The 12 cosmogenic 3 He ages (derived from eight different boulders) on the Eightmile terminal moraines range from 18.6 Ϯ 0.3 to 14.4 Ϯ 0.5 3 He ka; the weighted mean is 16.5 Ϯ 0.4 3 He ka (Table 1; see footnote 1) (Fig. 2) . Of the 13 10 Be measurements (derived from ten different boulders) on these moraines, only one boulder age (8-A) is considered an outlier (following Chauvenet's criterion; cf. Bevington and Robinson, 1992) and is not included in the weighted mean. The remaining boulder ages range from 18.9 Ϯ 1.6 to 14.6 Ϯ 1.6 10 Be ka, the weighted mean being 16.2 Ϯ 0.3 10 Be ka (Table 2 ; see footnote 1) (Fig. 2) . The weighted mean 10 Be age of the Eightmile moraines is ϳ2% lower than that obtained from the 3 He ages, and the age ranges from the two isotopes are nearly identical. These observations indicate that the 3 He and 10 Be ages are concordant within the combined error of production rates, scaling uncertainties, and measurement error. The production rates and scaling methodologies used in the age calculations from each isotope are thus likely to be reasonably accurate.
The ages obtained from nine 10 Be measurements (derived from eight different boulders) on the recessional Chico moraines range from 18.5 Ϯ 1.1 to 13.7 Ϯ 0.9 10 Be ka; the weighted mean is 15.7 Ϯ 0.5 10 Be ka (Table 2 ; see footnote 1) (Fig. 2) . Although the mean 10 Be age of the Chico moraines is slightly younger than that of the Eightmile terminal moraines, consistent with stratigraphic requirements, one-way ANOVA and post-hoc tests demonstrate that the difference in mean age of the two moraine complexes is not statistically significant. The ages therefore support field evidence suggesting that these two moraine-building events occurred within a short time period (Pierce, 1979) .
Cosmogenic 10 Be ages obtained from 11 measurements on ten different boulders from the Deckard Flats moraine range from 16.0 Ϯ 0.6 to 12.4 Ϯ 1.1 10 Be ka; the weighted mean is 14.0 Ϯ 0.4 10 Be ka (Table 2 ; see footnote 1) (Fig. 2) . The ages obtained from ten 10 Be measurements (derived from seven different boulders, and excluding boulder F-1 as an anomalously old outlier) on the late-glacial flood deposit range from 15.2 Ϯ 0.6 to 11.9 Ϯ 1.2 10 Be ka, the weighted mean being 13.7 Ϯ 0.5 10 Be ka. The age difference between the Deckard Flats moraine and the flood deposit is stratigraphically consistent but not statistically significant within uncertainties. The valley in the Deckard Flats region must have been largely ice-free during deposition of the flood bar; thus, these data imply a significant and rapid retreat of the Deckard Flats ice front after ϳ14 10 Be ka.
COMPARISON TO EXISTING CHRONOLOGIES
On the basis of mass spectrometric U-series ages of travertines and carbonate veins thought to constrain glacier-driven changes in hydrological head in the northern Yellowstone area, Sturchio et al. (1994) proposed that the last Pinedale glacial maximum of the Yellowstone outlet glacier occurred between 30 and 22.5 ka, followed by a major recessional phase between 22.5 and 19.5 ka. They constrained the duration of the subsequent Deckard Flats glacial event from two U-series ages on an aragonite vein on a travertine bench on Deckard Flats (Fig.  1C) as occurring between 20.2 and 15.5 ka. Subsequent cessation of vein deposition signified final retreat of the Deckard Flats glacier from the Gardiner area, and postglacial travertine deposits indicate that glaciers had probably receded well upvalley from Deckard Flats by no later than 14-13 ka (Sturchio et al., 1994) .
The presence of subaerial travertines dated by Sturchio et al. (1994) at 22.5-19.5 ka indicates that there was no ice covering the Deckard Flats bench during this time interval. Our cosmogenic ages on the Eightmile and Chico moraines, however, conflict with the interpretation by Sturchio et al. (1994) that continuous accumulation of vein aragonite between 20.2 and 15.5 ka implies restricted ice at Deckard Flats during this time. We suggest that either vein aragonite may have formed in the subsurface beneath the ice or there may be an unrecognized hiatus between the 20.2 ka and 15.5 ka bracketing Useries ages on the vein aragonite, during which the Yellowstone outlet glacier advanced to the Eightmile and Chico moraines. If the latter is accurate, then the combined data sets suggest that the Yellowstone outlet glacier was in a recessional position from 22.5 to 19.5 ka and advanced to its maximum extent at ϳ16.5 ka. Our cosmogenic age for the Chico moraine (15.7 10 Be ka) and the younger U-series age of the vein aragonite from Deckard Flats (15.5 ka) may suggest rapid icemargin retreat at ϳ15.5 ka. Finally, we suggest that occupation of the Deckard Flats ice limit at ϳ14 10 Be ka may represent an event that was not recorded by travertine or vein deposition, or simply not represented in the samples collected by Sturchio et al. (1994) .
Our cosmogenic evidence for a fully expanded northern Yellowstone outlet glacier at ϳ16.5 10 Be ka is in apparent conflict with radiocarbon evidence for near-complete deglaciation of the Yellowstone plateau by ϳ14.5-14 14 C ka (ϳ17.4-16.8 cal ka). A suite of conventional radiocarbon ages from bulk sediment and other materials near Yellowstone Lake indicates a minimum age of ϳ14 14 C ka for deglaciation of the Yellowstone plateau (Pierce, 1979; Richmond, 1986) . A basal radiocarbon age on sediment from a core at Cygnet Lake, on the central plateau, indicates that this region was ice-free even earlier, by ϳ14.5 14 C ka (Whitlock, 1993; Millspaugh et al., 2000) . However, Whitlock (1993) suggested that the Cygnet Lake radiocarbon age should be considered a maximum age, because of low organic content and the possibility that the samples were contaminated by 14 C-free organic material, and we suspect the same is true for other old radiocarbon ages measured on bulk sediment in the central plateau region (Pierce, 1979) .
Formation of the Deckard Flats moraines at ϳ14 10 Be ka is consistent with deglaciation of the Yellowstone plateau by 13.5 cal ka, as suggested by the presence of Glacier Peak tephra in Cygnet Lake sediments (Whitlock, 1993) . Pierce (1979) interpreted the Deckard Flats moraines as being deposited when the Yellowstone ice cap deglaciated and the source region of the Yellowstone outlet glacier changed to ice from the adjacent Beartooth uplift and Gallatin Range (Fig. 1A) .
CONCLUSIONS
Cosmogenic ages from the maximum Pinedale terminal moraines indicate a fully extended northern Yellowstone outlet glacier at 16.5 Ϯ 0.4 3 He ka and 16.2 Ϯ 0.3 10 Be ka. This age is significantly younger than previously thought for the late Pinedale maximum extent of the outlet glacier (Pierce, 1979; Sturchio et al., 1994) , and for the late Pinedale maximum elsewhere in much of the Rocky Mountains (Porter et al., 1983; Gosse et al., 1995) . Our new ages are similar, however, to the age of the maximum extent of the Puget Lobe of the Cordilleran ice sheet (ϳ16.9 cal ka) (Porter and Swanson, 1998).
Our ages on the Deckard Flats moraines are consistent with the hypothesis that ice from the Beartooth uplift and the Gallatin Range was the primary source of Deckard Flats ice, with little or no contribution from the plateau ice masses to the south (Pierce, 1979) . Because these source regions have a higher average elevation and a greater area above the inferred Pleistocene equilibrium-line altitude than the Yellowstone ice cap, ice would have persisted there longer than the ice cap on the central plateau during deglaciation (Pierce, 1979) , and their contribution to the outlet glacier relative to the plateau ice cap increased over time as deglaciation progressed. Our new cosmogenic data therefore suggest that disintegration of the plateau ice cap was well under way by 14 10 Be ka.
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